Carbon nanotubes adhesion and nanomechanical 



behavior from peeling force spectroscopy 

Julien Buchoux 1 , Ludovic Bellon 2 , Sophie Marsaudon 1 , Jean-Pierre Aime 1 
1 Universite Bordeaux 1 - CPMOH 
351, Cours de la Liberation, 33405 Talence Cedex, France 
2 Universite de Lyon 
Laboratoire de Physique, Ecole Normale Superieure de Lyon 

CNRS UMR 5672 
46, Allee d'ltalie, 69364 Lyon Cedex 07, France 

December 20, 2010 

Abstract 

Applications based on Single Walled Carbon Nanotube (SWNT) are good example of the great need to 
continuously develop metrology methods in the field of nanotechnology. Contact and interface properties are 
key parameters that determine the efficiency of SWNT functionalized nanomaterials and nanodevices. In this 
work we have taken advantage of a good control of the SWNT growth processes at an atomic force microscope 
(AFM) tip apex and the use of a low noise (1CP 13 m/VHz) AFM to investigate the mechanical behavior of a 
SWNT touching a surface. By simultaneously recording static and dynamic properties of SWNT, we show 
that the contact corresponds to a peeling geometry, and extract quantities such as adhesion energy per unit 
length, curvature and bending rigidity of the nanotube. A complete picture of the local shape of the SWNT 
and its mechanical behavior is provided. 
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Introduction 



Since their discovery [1], Single Walled Carbon Nanotube (SWNT) are at the origin of numerous creative works 
based on the conjugation of their exceptional electronic and mechanical properties. Their high aspect ratio with 
diameter in the nm range makes them perfect candidates as nano sensors. Ultimate detection at molecular level 
are envisioned with nanodevices in which carbon nanotubes (CNTs) are a central part: squid aiming at spin 
detection at the molecular level [2], nanoscale resonators where coupling electronic charge transport with high 
frequencies CNT oscillation leads to highly sensitive mass detection [3] or using exciton properties as to detect 
local variation of pH in biological environment [4]. Near field and nanoelectronic domains have motivated a 
wealth of attempts based on CNT as a central component [5, 6], while applications as original as fabrication 
of nanocomposite exhibiting thermal memory effect [7] exploit its low density and high strength. Because 
the contact between the SWNT and the substrate or the surrounding medium always happens, the interface 
properties determine most of the nanodevice efficiency. For instance, contact between CNTs and electrodes 
might exhibit unwanted contact mechanical fluctuation leading to additional energy dissipation, while profile of 
polymer density surrounding CNT makes the interface properties a key parameter. Therefore, the conception 
and the fabrication of nanosystems need a companion development of metrology and methodology, a crucial 
step to develop efficient tools in nanotechnology. 

In this work, we present experimental results from an original study of the SWNT mechanical behavior. 
Numerous works have been focused on mechanical properties of CNT [8, 9, 10, 11, 12, 13, 14, 15]. However, 
accessing quantitative information such as SWNT adhesion energy and mechanical properties of SWNT when 
brought in contact with a substrate is still a challenging experiment. In all existing experiments for example, 
measuring the adhesion energy per unit length of the CNT is either done in a very specific geometry (e.g. 
nanotubc-nanotubc interaction) [15, 16, 17, 18, 19] or using uncontrolled assumptions (e.g. CNT length in 
interaction) [9, 12, 13, 14], leading to large incertitudes. In the present work, we take advantage of a good 
control of the SWNT growth processes at an Atomic Force Microscope (AFM) tip apex [20] and the use of 
a high resolution AFM [21, 22] to extract this information. The low level of noise (10 -13 m/yTIz) affords 
simultaneous recording of static and dynamic measurements, i.e. force curves and thermal noise study, then 
giving a complete and precise picture of the SWNT mechanical behavior when the CNT partially touches a 
surface. 
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Experiments 



CNT Growth at the tip apex 

The growth of CNT at the tip apex uses the Hot Filament assisted Chemical Vapor Deposition (HFCVD) 
method [20] . Several parameters are of importance to control SWNT growth, in particular it has been shown 
that cobalt catalyst thickness is a critical parameter. Cobalt layer thickness superior to 9 nm leads to the growth 
of too many nanotubes at the tip apex, while for too thin one (< 4nm), the yield of SWNT growth at the apex 
of the Si tip becomes negligible. With an optimal catalyst thickness of the order of (5 — 8) nm, the yield of 
production of a unique SWNT bundle at the apex of a commercial Si (similar to fig. 1) tip is of about 30%. 

HRTEM observations demonstrate the formation of predominantly SWNT and double walled CNT, with 
diameters mostly found to be between (1.2 — 2.1) nm ± 0.3 nm [23] . Raman spectroscopy studies are also strong 
indications of the excellent crystalline property and purity of the grown CNT [24]. Therefore, HFCVD technique 
appears to be powerful to grow highly crystalline and pure SWNT at the apex on Si tips by taking advantage 
of the catalytic properties of a thin cobalt layer. A scanning electron micrograph of the nanotube used in the 
experiment described in this paper is presented in fig. 1. It is about 2/im long, and well aligned with the tip. 

Peeling experiments 

In the experiment, we press the CNT against a flat surface of graphite or mica, and record the deflexion d of the 
AFM cantilever as a function of the sample vertical position Z. The translation of the substrate is performed 
with a piezo translation platform operated in closed loop (PI P-527.3), featuring an accuracy of 0.3 nm rms. The 
measurement of the deflexion d is performed with a home made interfcrometric deflection sensor [21, 25, 22], 
inspired by the original design of Schonenberger [26] with a quadrature phase detection technique [27]: the 
interferences between the reference laser beam reflecting on the base of the cantilever and the sensing laser 
beam on the free end of the cantilever (see figure 1) directly gives a measurement of d, with very high accuracy. 
The intrinsic background noise of our detector is only 10~ 13 m/vTIz for the cantilevers used in this experiment 
(see inset in figure 2). Beyond this very low noise, one advantage of the technique is that it offers a calibrated 
measurement of the deflection, without conversion factor from Volt to meter as in the standard optical lever 
technique common in AFM. Z and d being both calibrated, we can therefore compute at any time the CNT 
compression z = Z — dcos(9o), and set the origin of z at the last contact between the nanotube and the surface. 
In this formula, cos(#o) accounts for the 6* = 15° inclination of the AFM cantilever with the substrate. 

We calibrate the spring constant k of the cantilever with a thermal noise measurement far from the sample [25, 
28]: the thermal excitation operates like a random force (white noise) on the cantilever, and we measure the 
resulting power spectrum density (PSD) of deflexion fluctuation. As illustrated by the inset of figure 2, the 
PSD of the first resonance of the cantilever is well described by a simple harmonic oscillator model. From this 
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fit, we determine the dynamic spring constant k\ of the first mode of the cantilever: k\ = (84 ± 5).10 _3 N/m. 
The static stiffness k is deduced from the dynamic one k\ with a small correction coefficient computed for an 
Euler Bernoulli description of the cantilever [28]: k = 0.97fci = (81 ± 5).10~ 3 N/m. In quasi-static operation, 
the vertical force acting on the nanotube is computed by F — kdj cos(#o)- 

All signal are acquired at 200 kHz with high resolution acquisition cards (NI-4462) to determine the force com- 
pression curves F vs z when cycling the CNT against the substrate at low ramping speed (typically 500nm/s). 
Due to the finite stiffness of the cantilever, a mechanical instability occurring with attractive forces prevents 
continuous operation in equilibrium, and part of the force compression curves F(z) cannot be accessed during 
the approach-retraction cycle. To exclude data that do not correspond to quasi-static operation of the cantilever, 
we discard any point presenting a deflexion speed dd/dt greater than 4 standard deviations of its equilibrium 
fluctuations. 

If the ramp is sufficiently slow, we stay long enough around any compression z to measure a spectrum of 
thermal noise driven fluctuations of deflexion. The force acting on the AFM tip is no longer due to the deflected 
cantilever alone, since the nanotube touching the surface has to be considered as well. The mechanical oscillator 
(cantilever first mode) experience an effective stiffness k\ + fccNT, shifting its resonance frequency from /o to 
fa + A/, as illustrated in the inset of figure 2. In first approximation, the dynamic stiffness of the cantilever 
(around the resonance frequency of the oscillator) can be computed by [29]: 



We perform a time-frequency analysis of the deflexion signal, to access at each time to the PSD of the thermal 
noise driven deflexion. As long as the quasi-static approximation is valid and the resonance has a high enough 
quality factor, the maximum of the spectrum directly gives A/, so we can use equation 1 to estimate fccNT- 
Figure 2 present a spectrogram of the deflexion signal during an approach-retract cycle. Each spectrum has 
been computed in a 5 ms time window, corresponding to a 2.5 nm translation of the sample. The thermal noise 
excitation is clearly strong enough to determine the resonance frequency shift, and thus kcNT- As fccNT is 
inferred in the 10 kHz frequency range, it measures the dynamic stiffness of the nanotube/substrate system. 

Force-compression curves F(z) and dynamic stiffness fccNT:(z) measured on graphite and mica surfaces are 
reported in figure 3 and 4 respectively. Our measurement device is fully calibrated for all obscrvables, these 
are therefore quantitative measurements. An hysteresis between approach and retraction can be noticed, with 
anyway a perfect overlap of both force-compression profiles in some part of the curves. The interaction is 
everywhere attractive (F < 0) or marginally repulsive, hinting at adhesion to be the most pertinent process 
to consider. Except for the two pronounced negative peaks during retraction, the force mainly presents two 
plateaux, one close to zero (principally during approach), the other around — InN for graphite and — 0.4nN 




(1) 
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for mica (principally during retraction). The very same characteristics can be noted on the stiffness curves, 
with diverging values of fccNT connected to force accidents, and plateaux around zero and 0.4 N/m for graphite, 
0.1 N/m for mica. As illustrated in figure 5, this behavior is very robust and the measurement is reproducible for 
different landing position of the substrate, ramping speeds (from 500nm/s to 5 /zm/s), surrounding atmosphere 
(air or dry nitrogen) and for the two surfaces of graphite and mica. Values of the force and stiffness plateau are 
about half and one third on mica compare to that on graphite. 

Discussion 

To interpret those observations, let us model the nanotube by an elastic line, incompressible along its axis [9, 30]. 
The shape of the force-compression curves, with two similar patterns (force plateaux, jumps and divergences) 
occurring reproducibly at about 300 nm distance for that specific nanotube, suggests that it is not mechanically 
integer on its whole 2 /xm length. On other nanotubes (data not presented) , similar reproducible patterns can be 
observed, with distances from few tens of nanometers up to 400 nm. Stick-slip phenomenon can be discarded as 
the observed behavior is independent on ramping speed. A sound hypothesis is that the nanotube is composed 
of several ideal segments linked by defects presenting higher flexibility (kink like defects for example). The 
equilibrium shape of each segment can thus be described by the Elastica [30] : 

A 2 

EI-—r = EI 6" = Fs'm9 (2) 
ds^ 

where s is the arc length along the line, 0(s) the angle between the local slope and the vertical direction (normal 
to the sample), E and I are the Young's modulus and quadratic moment of the CNT, and F the vertical 
force. We suppose that the nanotube segments can freely slide horizontally (either on the substrate or at their 
suspension point), so that we will not consider any horizontal forces. 

The interaction between the SWNT and the substrate is due to short range Van der Waals potential, it thus 
rapidly vanishes when the nanotube is not in immediate proximity (a few nanotube diameter at most) with the 
surface [30] . We will therefore model this attractive interaction by a simple energy of adhesion per unit length 
E a . The boundary condition on the substrate can be either a torque free condition (8' = 0), corresponding 
to only the very end of the segment being in contact with the surface (point contact state), or an adsorption 
condition, when a non zero length of the nanotube is in contact with the substrate (adsorbed state). In this 
case, the continuity of the slope of the elastic line thus implies 9 = ir/2 for the last point of the free standing 
part of the nanotube. As soon as part of the nanotube is adsorbed, minimizing the energy of the system will 
tend to maximize the absorbed length. However, this process increases the bending of the free standing part of 
the nanotube and its the associated curvature energy. The local shape of the CNT is the result of the balance 
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between adhesion and bending, leading the radius of curvature at the contact point to be [31, 32] 



If the free standing part of the nanotube has a length large compared to R a , the local shape of the SWNT does 
not change much when it is being peeled from the substrate. The vertical displacement Sz needed to peel a small 
length 81 is in first approximation Sz ~ 51. As we are pulling with a force F, the work produced is F8z while 
the energy released is E a 8l, leading to F ~ E a : peeling the nanotube results in a flat force- compression curve. 
This is indeed what is observed in our experiments, the value of the plateaux giving direct access to the value 
of the energy of adhesion per unit length: E^ OFG ~ 0.98 nJ/m for graphite substrate, and E™ lca ~ 0.42 nJ/m 
for mica (see table 1 for details). These values are in good agreement with the few results available in the 
literature [9, 15, 16, 17, 18, 19, 33, 34], though our error bars are much smaller. 

In order to close the description of the nanotube as an elastic line, let us briefly discuss the boundary 
condition at the suspension point. When the nanotube is adsorbed, the torque applied at this point is small in 
the hypothesis of a high flexibility of this defect linking the segment under consideration to the upper part of 
the nanotube. We can thus use a torque free condition (6 1 = 0) in this case. However, when the nanotube is 
not adsorbed, this boundary condition is not reasonable any more, since it would lead to a unrealistic straight 
shape for the considered segment. In this case, we will simply use a clamped hypothesis, with 6 ~ 8q (where 
9q = 15° is the common inclination of the AFM cantilever with the substrate). 

We present in figure 6 the force-compression curves numerically simulated for the model of an elastic line 
with a ratio R a /L = 0.2 where L is the nanotube length (see Appendix for details). During approach, the 
nanotube will first adopt a weakly bended shape, resulting in a small repulsive force. As the compression is 
increased, this state turns metastable, but may remain till the end of the nanotube gets tangent to the substrate. 
At this point, this branch of solution stops existing and part of the nanotube will be absorbed on the surface, 
on a force plateau close to the value of E a . As the suspension point is brought closer to the surface, the force 
exhibit a divergence towards — oo: let Lf be the length of the free standing part of the nanotube, the distance 
between the surface and suspension point is of order L^/2Ra, so equalizing the work done by the force F and 
the variation in adsorption energy leads to F ~ —2E a R a /Lf, diverging when Lf tends to 0. 

During retraction, the adsorbed shape will remains stable or metastable as long as the absorbed length is 
non-zero, the force presenting the peeling plateau expected when the free standing length is larger than R a . 
When the absorbed state disappear, the force will jump close to as the nanotube recover a weakly bended 
shape. The adhesion of the end point or next segment creates however a strong coupling to the surface. Further 
retraction will eventually lead to a fully extended nanotube (almost perpendicular to the surface), corresponding 
to very high negative forces. The connection with the substrate will finally break. The phenomenology expected 
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from this model is very close to the experimental observations, as shown by the similarity between figures 6 and 
3 or 4. 

Flat force-compression curves should lead to zero stiffness, since dF/dz = 0. However, it is clear on figures 
3 and 4 that fccNT does not vanish when the force presents a plateau. This dynamic stiffness is measured in 
the ( 10 — 50) kHz range through thermal noise fluctuations. The discrepancy between fccNT and dF/dz can 
be explained by the simple assumption that adhesion is a slow process: in such a case, high frequency thermal 
fluctuations will only probe the response of the free standing part of the nanotube, the adsorbed length acting 
like a rigid clamping condition at fast time scales. The SWNT behaves as a nanomachine of finite stiffness 
linked to its local shape and its characteristic length R a . In figure 6, we plot the dynamic stiffness computed 
under this hypothesis for the adsorbed elastic line. Just as for experimental data, it present a fiat profile in 
correspondence to the static peeling force plateau. The value of this stiffness k^}^ ne can be compared to E a /R a , 
the natural scale of the problem for the spring constant: we get from our model 

, pooling 9 ^a _ 

Using mean value of the force and stiffness plateaux of figures 3 and 4, and equation 4, we estimate the radius 
of curvature at the adhesion point for both substrates: i?^ OPG = 59 nm and i?™ lca = 72 nm (see table 1 for 
details). 

The distance L a between the last adhesion point and the fully extended nanotube can also be used to 
estimate R a : we read on figure 6 L a = 0.85i? a for a ratio R a /L = 0.2. L a corresponds to the length stored 
in the curved shape and involved in the peeling process, that is restored as the peeling end up. In fact, as the 
last adhesion point is a metastable state (corresponding to a vanishing adsorbed length) , the estimation we get 
through this observation gives an upper bound to R^. This leads to R% OPG < 90 nm and i?" nca < 115 nm, 
values that are coherent with the estimation through the dynamic stiffness. 

From the definition of R a (equation 3), its estimation together with the value of E a can be used to characterize 
the mechanical properties of the nanotube as we can compute the bending rigidity EI. This quantity should 
be independent of the substrate, and we find indeed a reasonable agreement (within 40%, see table 1) between 
the two measurements, with EI ~ 6 x 10~ 24 Jm. The bending rigidity is a characteristic mechanical property 
of the nanotube, linking its diameter -Dcnt to its Young's modulus [35]: EI = it E D^. NT t cnt / '8, with tcNT 
the thickness of the SWNT wall. Assuming E = 10 12 Pa and *cnt = 0.34nm [11], we can compute a diameter 
-Dcnt ~ 3.5 nm for the nanotube segment probed in this experiment. This size is close to the expected diameter 
for our nanotubes. 
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Conclusion 



As a conclusion let us first summarize the main points we have developed in this article: we perform a series 
of experiments where a SWNT is pushed almost perpendicularly against a substrate of graphite or mica. We 
measure the quasi-static force as a function of the compression, but we can also access the dynamic stiffness 
using a analysis of thermal noise during this process. The most striking feature of these two obscrvablcs is 
a plateau curve for a large range of compression, the values of which are substrate dependent. We use the 
Elastica to describe the shape of the nanotube, and a simple energy of adhesion per unit length E a to describe 
the interaction with the substrate. A natural length R a is defined, corresponding to the radius of curvature at 
the adsorption point when a non zero length of the nanotube is adsorbed on the substrate. R a results from 
an local equilibrium between curvature and adsorption. Comparison of experiment to a numerical integration 
of the problem demonstrate that the behavior to the nanotube is well described with these simple ingredients. 
The analysis of the experimental data naturally leads to the every quantity of interest in the problem (see table 
1): the force plateau is a direct measurement of the energy of adhesion per unit length E a for each substrate, 
and we easily determine R a from the dynamic stiffness plateau. Mechanical properties of the nanotube itself 
(its bending rigidity EI) can be extracted from those values, and prove to be independent of the substrate. 

This work provides quantitative values on the adhesion energy between a SWNT and a substrate. The key 
point for the method to work is a weak rigidity with respect to adsorption: the radius of curvature at the 
adsorption point should be small compared to the length of the nanotube. Further investigation should as well 
give numbers on gold or platinum substrate or any metallic surfaces. Therefore, the present experimental setup 
should help to design the most appropriate contact electrode for SWNT based nanodevices. Another issue we 
can address is the access to quantitative information on interface properties between polymer materials and 
carbon nanotubes. This application deals with the important field of designing composite polymer materials 
reinforced with CNT [36, 37, 38]. 

In adsorbed configuration, the SWNT acquires an equilibrium curvature shape with a bending elastic energy 
balancing the adhesion energy. A promising development is to further exploit this configuration as a highly 
sensitive mechanical nanomachine. Both the flat pulling force (in the nN range) and the spring constant (in 
the 10 -2 N/m range) of this nanomachine are directly related to the energy of adhesion. Therefore, any change 
of the adhesion due to molecule surfactant or other perturbation, for instance local variation of pH in liquid 
environment, can be monitored with a great precision of 2 independent variables. Periodic perturbations can as 
well be detected. In particular if there are any characteristic frequencies governing the contact length fluctuation, 
for the frequencies of the perturbation that fall in that range a stochastic resonant process [39] can be called to 
amplify the detection sensitivity. 
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Appendix : numerical simulation 

The equilibrium shape of the elastic line used to describe the nanotube is a solution of the Elastica (equation 2), 
which usually doesn't have simple analytic solutions. We use Matlab to solve this ordinary differential equation 
using boundary conditions previously described: 

• unabsorbed state: clamped extremity at the suspension point (9(s = 0) = 8 a = 15°) and torque free 
condition at nanotube end (9'(s = L) = 0). 

• absorbed state: torque free condition at the origin (6 1 (s = 0) = 0) and clamped extremity at the contact 
point with the substrate (8(s — Lf) — ir/2, where Lf is the length of the free standing part of the 
nanotube above the surface). 

The natural control parameter when solving the Elastica is the external force F, whereas the experimental control 
parameter is the nanotube compression z = L — cos((9)ds. This integral condition is not easy to handle 
directly, so we perform a shoot and adjust strategy to find for any z the corresponding force F. An additional 
step is required in the adsorbed state as the length of nanotube in contact is also a free parameter. We adjust 
this variable by a minimization of the total energy of the system E c — (L — Lf)E a , where E c = EI/2 f^ 1 9' 2 ds 
is the curvature energy of the free standing part, and [L — Lf)E a the energy of the adsorbed part of the CNT. 
When both states can exist for a given z, we compare their total energies to know which of the two is metastable. 



9 



References 



[1] Sumio Iijima. Helical microtubules of graphitic carbon. Nature, 354:56-58, 1991. 

[2] J. P. Clcuziou, W. Wernsdorfer, V. Bouchiat, T. Ondarcuhu, and M. Monthioux. Carbon nanotubc super- 
conducting quantum interference device. Nat Nano, l(l):53-59, 10 2006. 

[3] Benjamin Lassagnc, Yury Tarakanov, Jari Kinaret, Daniel Garcia-Sanchez, and Adrian Bachtold. Coupling 
Mechanics to Charge Transport in Carbon Nanotubc Mechanical Resonators. Science, 325(5944):1107-1110, 
2009. 

[4] Laurent Cognet, Dmitri A. Tsyboulski, John-David R. Rocha, Condcll D. Doyle, James M. Tour, and 
R. Bruce Wcisman. Stepwise Quenching of Exciton Fluorescence in Carbon Nanotubes by Single-Molecule 
Reactions. Science, 316(5830):1465-1468, 2007. 

[5] Phaedon Avouris, Marcus Freitag, and Vasili Perebeinos. Carbon Nanotubes, volume 111 of Topics in 
Applied Physics, chapter Carbon-Nanotubc Optoelectronics, pages 423-454. Springer Berlin / Heidelberg, 
2008. 

[6] Costin Anghel, Vincent Dcrycke, Arianna Filoramo, Stephane Lenfant, Benoit Giffard, Dominique Vuil- 
laume, and Jean-Philippe Bourgoin. Nanotubc transistors as direct probes of the trap dynamics at 
dielectric-organic interfaces of interest in organic electronics and solar cells. Nano Letters, 8(11):3619- 
3625, 2008. PMID: 18947213. 

[7] Pierre Miaudet, Alain Derre, Maryse Maugey, Cecile Zakri, Patrick M. Piccione, Rabi Inoubli, and Philippe 
Poulin. Shape and Temperature Memory of Nanocomposites with Broadened Glass Transition. Science, 
318(5854):1294-1296, 2007. 

[8] A. Kis, G. Csanyi, J. P. Salvetat, Thien-Nga Lee, E. Couteau, A. J. Kulik, W. Benoit, J. Brugger, and 
L. Forro. Reinforcement of single-walled carbon nanotubc bundles by intertubc bridging. Nat Mater, 
3(3):153-157, 03 2004. 

[9] M. C. Strus, L. Zalamea, A. Raman, R. B. Pipes, C. V. Nguyen, and E. A. Stach. Peeling force spectroscopy: 
Exposing the adhesive nanomechanics of one-dimensional nanostructures. Nano Letters, 8(2):544-550, 2008. 

[10] Sophie Marsaudon, Charlotte Bernard, Dirk Dietzel, Cattien V. Nguyen, Anne Marie Bonnot, Jean-Pierre 
Aimc, and Rodolphe Boisgard. Applied Scanning Probe Methods VLLL, chapter Carbon Nanotubes as SPM 
Tips: Mechanical Properties of Nanotube Tips and Imaging, pages 137-181. Nano Science and Technolgy. 
Springer- Vcrlag Berlin Heidelberg, 2008. 



10 



[11] Andras Kis and Alex Zettl. Nanomechanics of carbon nanotubes. Philosophical Transactions of the Royal 
Society A: Mathematical, Physical and Engineering Sciences, 366(1870):1591-1611, 2008. 

[12] Makoto Ishikawa, Ryuichi Harada, Naruo Sasaki, and Kouji Miura. Visualization of nanoscale peeling of 
carbon nanotube on graphite. Applied Physics Letters, 93(8):083122, 2008. 

[13] Makoto Ishikawa, Ryuichi Harada, Naruo Sasaki, and Kouji Miura. Adhesion and peeling forces of carbon 
nanotubes on a substrate. Phys. Rev. B, 80(19):193406, 2009. 

[14] Mark C. Strus, Camilo I. Cano, R. Byron Pipes, Cattien V. Nguyen, and Arvind Raman. Interfacial 
energy between carbon nanotubes and polymers measured from nanoscale peel tests in the atomic force 
microscope. Composites Science and Technology, 69(10):1580 - 1586, 2009. 

[15] Changhong Ke, Mcng Zheng, Guangwcn Zhou, Wcili Cui, Nicola Pugno, and Ronald N. Miles. Mechanical 
peeling of free-standing single- walled carbon-nanotube bundles. Small, 6(3):438-445, 2010. 

[16] Lorin X. Benedict, Nasreen G. Chopra, Marvin L. Cohen, A. Zettl, Steven G. Louie, and Vincent H. 
Crcspi. Microscopic determination of the interlayer binding energy in graphite. Chemical Physics Letters, 
286(5-6):490 - 496, 1998. 

[17] B Chen, M Gao, JM Zuo, S Qu, B Liu, and Y Huang. Binding energy of parallel carbon nanotubes. Applied 
Physics Letters, 83(17):3570-3571, 2003. 

[18] Tobias Hertel, Robert E. Walkup, and Phaedon Avouris. Deformation of carbon nanotubes by surface van 
der waals forces. Phys. Rev. B, 58(20):13870-13873, Nov 1998. 

[19] A. Kis, K. Jensen, S. Aloni, W. Mickelson, and A. Zettl. Interlayer forces and ultralow sliding friction in 
multiwalled carbon nanotubes. Physical Review Letters, 97(2):025501, 2006. 

[20] L. Marty, A. Iaia, M. Faucher, V. Bouchiat, C. Naud, M. Chaumont, T. Fournier, and A.M. Bonnot. 
Self-assembled single wall carbon nanotube field effect transistors and afm tips prepared by hot filament 
assisted cvd. Thin Solid Films, 501(l-2):299 - 302, 2006. 

[21] P. Paolino and L. Bellon. Frequency dependence of viscous and viscoelastic dissipation in coated micro- 
cantilevers from noise measurement. Nanotechnology, 20(40):405705, 2009. 

[22] Ludovic Bellon. Exploring nano-mechanics through thermal fluctuations. HDR, Ecolc Normalc Supcricurc 
de Lyon, 2010. available online: http://tel.archives-ouvertes.fr/tel-00541336/. 

[23] Marie Faith Fiawoo. Etude par microscopie electronique en transmission de la germination et de la crois- 
sance des nanotubes de carbone synthetises a moyenne temperature. PhD thesis, University Pierre et Marie 
Curie/Oncra, July 2009. 



[24] A. Debarre, M. Kobylko, A. M. Bonnot, A. Richard, V. N. Popov, L. Henrard, and M. Kociak. Electronic 
and mechanical coupling of carbon nanotubes: A tunable resonant raman study of systems with known 
structures. Phys. Rev. Lett., 101:197403, 2008. 

[25] Pierdomenico Paolino, Bruno Tiribilli, and Ludovic Bellon. Direct measurement of spatial modes of a 
microcantilever from thermal noise. Journal of Applied Physics, 106(9):094313, 2009. 

[26] C. Schonenberger and S. F. Alvarado. A differential interferometer for force microscopy. Review of Scientific 
Instruments, 60(10):3131-3134, 1989. 

[27] L. Bellon, S. Cilibcrto, H. Boubaker, and L. Guyon. Differential interferometry with a complex contrast. 
Optics Communications, 207(l-6):49-56, 2002. 

[28] H J Butt and M Jaschke. Calculation of thermal noise in atomic force microscopy. Nanotechnology, 6(1):1, 
1995. 

[29] Julien Buchoux, Jean-Pierre Aime, Rodolphc Boisgard, Catticn V. Nguyen, Lionel Buchaillot, and Sophie 
Marsaudon. Investigation of the carbon nanotube afm tip contacts: free sliding versus pinned contact. 
Nanotechnology, 20:475701, 2009. 

[30] Xabier Oyharcabal and Thomas Frisch. Peeling off an elastica from a smooth attractive substrate. Phys. 
Rev. E, 71(3):036611, Mar 2005. 

[31] J. W. Obreimoff. The Splitting Strength of Mica. Proceedings of the Royal Society of London. Series A, 
127(805):290-297, 1930. 

[32] Udo Seifert. Adhesion of vesicles in two dimensions. Phys. Rev. A, 43(12) :6803-6814, 1991. 

[33] L. A. Girifalco, Miroslav Hodak, and Roland S. Lee. Carbon nanotubes, buckyballs, ropes, and a universal 
graphitic potential. Phys. Rev. B, 62(19):13104-13110, Nov 2000. 

[34] Arvind Raman, private communication:, in [14], the units corresponding to figure 5 should read fj instead 
of nJ. In part 4, units for intcrfacial energies per unit length should read nJ/m instead of pJ/m, and should 
be considered as lower bounds (instead of upper bounds)., 2010. 

[35] L. Landau and E. Lifchitz. Theory of elasticity. Mir, Moscow, 1967. 

[36] O. Breuer and Uttandaraman Sundararaj. Big returns from small fibers: A review of polymer/carbon 
nanotube composites. Polymer Composites, 25(6):630-645, 2004. 

[37] Farzana Hussain, Mehdi Hojjati, Masami Okamoto, and Russell E. Gorga. Review article: Polymer- 
matrix Nanocomposites, Processing, Manufacturing, and Application: An Overview. Journal of Composite 
Materials, 40(17):1511-1575, 2006. 



[38] S. Bal and S. S. Samal. Carbon nanotube reinforced polymer composites - a state of the art. Bull. Mater. 
Sci., 30(4):379-386, 2007. 

[39] L. Gammaitoni, P. Hanggi, and Jung P. Stochastic resonance. Rev. Modern Physics, 70:223-287, 1998. 



13 



Substrate 


E a /(p3/m) 


C" g /(N/m) 


i? Q /(nm) 


L a /(nm) 


£//(10- 24 Jm) 


£>CNT/(nm) 


HOPG 


0.98 ±0.07 


0.036 ±0.007 


59 ± 10 


85 ± 15 


7.1 ±2.5 


3.7 ±0.4 


mica 


0.42 ± 0.04 


0.013 ±0.003 


72 ± 15 


115 ± 15 


4.5 ±2.0 


3.2 ±0.5 



Tabic 1: Measured values for the adhesion energy per unit length E a , dynamic spring constant plateau fc^,^ ng , 
radius of curvature at adhesion point R a , stored length in absorbed shape L ai bending modulus of the nanotube 
EI and estimated nanotube diameter Z?cnt for two different substrates. Data correspond to mean values 
and standard deviations on the plateau of force and stiffness for compression z in the (80 — 220) nm range for 
graphite, and (120 — 280) nm range for mica, except L a which is determined as indicated in figure 6 using the 
80 experiments displayed in figure 5. 
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Figure 1: Carbon nanotubc tip. The SWNT is grown directly on the tip of an AFM cantilever, as shown on 
scanning electron micrograph. The length of the nanotube under study is L ~ 2/im. In the experiment, it 
is pressed against a substrate of graphite or mica, and the deflexion d of the cantilever is measured with a 
differential interferometer. The optical path difference between the sensing beam, reflecting on the cantilever 
above the tip, and the reference beam on its base, is twice the deflexion d. The nanotube compression z is 
inferred from the calibrated measurements of d and Z (sample vertical position), taking into account the common 
9q = 15° angle between the force sensor and the sample. In the adsorbed state, balance between curvature and 
adsorption sets the radius of curvature R a at the last point of the free standing part of the nanotube. 
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Figure 2: Time frequency analysis of the deflection. Two top graphics present the time trace of the substrate 
position Z and cantilever deflexion d during an approach-retract cycle, corresponding to the force-compression 
curve of figure 3. In the inset, a power spectrum density (PSD) of the deflexion signal is shown before (yellow) 
and during (green) contact: thermal noise excites the first resonance of the mechanical oscillator composed 
by the AFM cantilever and the CNT connecting the surface and the AFM tip. Before contact, the fit of the 
PSD with a simple harmonic oscillator model (dashed line) leads to the cantilever stiffness k. The dynamic 
stiffness fccNT of the nanotube in contact can be computed from the observed frequency shift of the resonance. 
We generalize this technique with a time frequency analysis: every 5 ms, we compute a PSD of the deflexion 
and plot the result in the color coded spectrogram of the bottom graphic. We extract from this plot the time 
evolution of the resonance frequency, and thus of the dynamic stiffness. 
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Figure 3: Force F and dynamic stiffness fccNT of a nanotube as a function of its compression on a graphite 
substrate. A strong hysteresis, due to adhesion, can be noted between approach (blue) and retraction (red). Well 
defined plateaux of force (around 0.98 nN) and stiffness (around 0.036 N/m) allow one to estimate the energy of 
adhesion of the CNT on graphite (E^ OPG — 0.98 nJ/m), as well as the nanotube mechanical properties. The 
jumps and steep peaks of the curves are signature of transitions between point contact and adhesion shapes of 
various portions of the nanotube, as suggested by the scenario of numbered sketches. Off scale data for &cnt 
climb up to 1 N/ m. 
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Figure 4: Force F and dynamic stiffness fccNT of a nanotube as a function of its compression on a mica substrate. 
The curve is very similar to that of figure 3 with a graphite surface, except for the vertical scale: the energy of 
adhesion is estimated at i?™ lca = 0.42 nJ/m, about half of that with graphite. Similarly, the dynamic stiffness 
of a nanotube adsorbed on mica is one third of that on graphite: /^nt" 8 = 0.013 N/m. 
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Figure 5: Comparison of force-compression curves for graphite and mica: 40 independent measurements are plot- 
ted for each substrate, half with a ramping speed Z = 0.5/im/s and half with Z = 5 fxm/s. The reproducibility 
of force plateaux is excellent, and characteristic of the nature of the sample. 
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Figure 6: Simulation of CNT compression for L = 5i? a . The nanotube is modeled as an elastic line incompress- 
ible along its axis, and different boundary conditions are considered whether it is adsorbed (green curves) or 
not (purple curves). Fundamental and mctastable states are respectively drawn as thick and thin lines. The 
shape of the nanotube for various compression is plotted in the top graphic, while two bottom graphics present 
the vertical force F and dynamic stiffness fccNT as a function of compression z. During an approach- retraction 
cycle, the nanotube will first switch from its straight shape (black) to a weakly bended state (purple), which 
is (mcta)stablc till the CNT is tangent to the substrate. The nanotube will then adopt an adsorbed state 
(green), presenting force and dynamic stiffness plateau except for the highest compressions. Upon retraction, 
the nanotube can remain in this state as long as the adsorbed length (horizontal segment between ticks on top 
graphic) is not zero. It will then jump back to the weakly bended state, which will eventually correspond to a 
fully extended nanotube, presenting a diverging force before overcoming the adhesion energy of the CNT free 
end with the substrate. The arc length L a stored in the curved shape of the adsorbed nanotube and released 
when this state disappear can directly be read on the force-compression curve, and provides an estimation for 
Ra- L a = 0.85i? Q . 
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